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Abstraet 
Detailed mapping based on aerial photographs at various scales, analysis of morpho-sedimentary units, and radiocarbon 
dating of the prograding beach-ridge complex of Campo de Dalías (Almería) allow the differentiation of six prograding units, 
These are called: H¡, 7400-6000 cal BP; H2, 5400-4200 cal BP; H3, 4200-3000 cal BP; H4, 2700-1900 cal BP; Hs, 1900-
1100 cal BP; and H6, 500 cal BP-Present. H-units are deposited during periods of high relative sea level and increased 
sediment input to the coast. They are bounded by large swales or erosional surfaces associated with lower sea levels and 
reduced input 01' sediment to the coast; these correspond to short periods 01' increased aridity inside the general arid trend 
recorded in the Westem Mediterranean since 5.4 ka. Changes in the flux 01' Atlantic superficial waters into the Mediterranean 
Sea, and relative strength of the W/SW winds account for the recorded oscillations of relative sea leve!. 
We deduce a decadal periodicity for the deposition of a beach ridge and the adjacent swale, and suggest that it is related to 
fluctuations of the North Atlantic Oscillation (NAO) index and to variations of solar activity. The duration of H-units shows a 
quasi-millennial periodicity punctuated by short (hundred years) episodes of reduced progradation or erosion representing 
events of increased aridity likely to be related to Bond's Holocene cold events. 
Keywords: Sea-level changes; Climate; Winds pattems; Radiometric dating; NAO 
1. Introduction 
The well-exposed, complex system of prograding 
beach ridges in the coastal plain near Roquetas (Fig. 
1) has been repeatedly cited as the best on-land 
example in the Westem Mediterranean with a great 
potential interest for correlation with the usually 
* Corresponding author. Fax: +33-34-1-5644740. 
E-mail address:mcnzc65@mncn.csic.es (C. Zazo). 
undated, high-resolution, seismic surveys on the shal-
low shelf, after Goy et al. (1986a) and Zazo et al. 
(1994) used 14C dating to distinguish several prograd-
ing units ofHolocene (H) age. These units, commonly 
referred to as HI to H4 units, began to form following 
the Holocene sea-level maximum in the Spanish south 
and southeastem coasts, at ca. 7000 cal BP (Goy et al. , 
1986a; Zazo et al. , 1994, 1996; Somoza et al., 1998; 
Oabrio et al. , 2000) . Oscillations of sea-level related 
with changing incursions of Atlantic superficial waters 
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(ASW) into fue Mediterranean Sea, and some perio-
dicity in fue genesis of beach ridges related lo fluctua-
lions of solar activity were pointed out by Zazo et al. 
(1994) and Goy el al. (1 986a), respectively. VignudeUi 
ero al. (1999) demonstrated the influence of Norfu 
Atlantic Oscillátion (NAO), an interannoal lo decadal 
coupled ocean-atmospheric oscillation. This influen-
ces the climate from Norlh America lo Siberia and 
from Greenland to fue Equalor, and perhaps beyond 
(Hurrell, 1996; Sarachik and Alverson, 2000) on fue 
circulation of the Westem Mediterranean Sea. 
More recently, Rodrígue.z-RamÍfez el al. (2000) 
related the deposition of beach-ridge and swale sys-
lems in the Atlantic f""ade of the Iberian Peninsula lo 
periodical fluctuations of fue NAO index and fue solar 
activity. Cacho el al. (2001) found six short eVents of 
sea surface temperature (SSl) that interrupt fue gen-
eral cooling trend through the Holocene in the 
Alborán Sea off Almería and related them to sorne 
offue cold events recognised by Bond et al. (1997) in 
the North Atlantic. lwo (fue more recent) of the 
events recorded in the Alborán occurred during the 
deposition of fue Roquetas beach-ridge complexo The 
dynamic factors forcing the progradation of the 
Roquetas coastal plain were only partiaUy studied in 
previous paper$> mostly because of the lack of 
trenches that aUowed 3-D observations and adeqoate 
sampling for radiocarbon dating. Massive building of 
holiday resorts in the area in recellt years allowed fue 
use of many tr.enches excavated for foundations fol' 
observation of the internal structure and stratigraph-
ica! architecture of ridges and swales. 
The aims of fuis paper are fuus lo integrate fue 
recently availahle trench data with radiometric dating 
of new samples from the area in order to: (i) analyse 
the genesis of beach-ridge and swale systems, and fue 
mechanisms involved in fue progradation or erosion 
ofthe coasta! plain; (ii) relate the configuration offue 
beach ridges and swales with relative changes of sea 
level, and lo yield figures of fue magnitudes involved 
in such changes; (iii) investigate the relations ofthese 
parameters wifu climate changes in the study area and 
with the land-ocean-atmosphere teleconnections in 
the Atlantic-Mediterranean linkage area and (iv) 
investigate how fue cyclic climate instability recorded 
in ice and ocean cores is recorded on land. 
2. Present-day climatic conditions and coastal 
dynamics 
The Meditenanean climate is markedly seasonal, 
with cool winters and hot, chy summers: mean tem-
perature in Almería is 18 oC (average: 13 oC in 
January and 24 oC in Jwy). lhe area is located in 
fue sub tropical high-pressure belt and experlences the 
influence of the Azores anticyclone, a long-lasting 
high-pressure ceU in fue NE Atlantic, particularly felt 
duting fue dry surnmer months. Rainfall of Atlantic 
origin occurs mainly at the onset and the end of tIle 
winter season (Anonyrnous, 1976; IHM, 1983). Thus, 
most ofthe scarce rain in Abnería (average 200-300 
mm) is of cyc10nic origin and related to prominent 
contrasts of temperatures between land and sea. 
Present excess evapora,tion in the Meditenanean Sea 
reswts in a two-layered flow at the Strait ofGibraltar: a 
surface inflow of less saline North Atlantic waters 
(NAW), and a deeper outflow of cooler, more saline 
Mediterranean outflow water (MOW). The most super-
ficia! part of the NAW, between O and - 100 m is 
caUed Atlantic Surface Water (ASW) . lhe surface 
circulatioll pattenl in the Alborán Sea consists of two 
anticyc10nic gyres (Fig.. 1): a westem one nearMalaga, 
and the ofuer more to the eas!, near Almería (Herb\Jm 
and la Violette, 1990). This pattem and fue velocity of 
fue inflow respond lo long-terrn changes of sea level 
and to the intensity ofthermohaline circulatioll. 
Analysis of satellite images over fue last 15 years 
revealed four possible pattems of ASW gyres, but the 
two-gyre model, associated with high values of inflow 
velocity, is by far the most stable over the time period 
(l argarona el al., 1997). Westerlywinds push theinflow 
velocity to a maximum and also force the westem gyre 
lo the east up lo the meridiall of Almería (Fig. 1). 
Fig. 1. Loeation map of the study area with drill sites eited in the text. The present distribution of sediment on the sea floor (Baena et al.. 1982) 
·indieates that the main source of sediment to the Campo de Dalías eoast is the Adra RiveT. The eontribution of fluvial sources loeated eastwards 
of Almena City is negligible due to the promi.nent litiora1 drift to the southeast. Inset: synthetic physi.ographie map ofthe Westem Mediterranean 
basins and tlte most stable model of gyres ofthe ASW inflow (modified from Targarona et aL 1997). l\ID95-2043 loeati.on of deep-sea eore 
studied by Cacho et al. (2001 ). ContoUT lines in meteTS. 
Prevailing winds in the area blow from the west 
and east (the so-called Ponientes and Levantes, res-
pectively) and usually persist for several days. The 
wann, moist westerly winds are particularly mtense in 
autumn and winter, They induce major stonns asso-
ciated with low pressure over the Mediterranean. 
Easterly winds are generated in the eastenl merrgin 
of the Azores anticyclone and predominate in spring 
alld summer. 
A large part of the southem coast of Spain !hat 
borders the. Alborán Sea is oriented E -W, i.e. , 
roughly parallel lo the prevailing winds, a situation 
likely lo favour longshore currents and littoral drift. In 
contrast, the Gulf of AlmerÍa opening between the. 
large, hilly headlands of Campo de Dalías and Cabo 
de Gata (Flg. 1) penetrates sorne kilometres lo the 
north breaking this trend. Prevailing waves in the Gulf 
of Almería reach the coast from the W - SW and E-
SE pushed by persistent winds that temporarily raise 
the waterline (wind serup) and increase the longshore 
transporto 111e W - SW winds coincide with " swell" 
conditions, with wave heights 1.5-2.5 m, whereas the 
E-SE winds produce " sea" waves with heights 
usually 0.5-1 m (JHM,. 1983). Strong winds magnify 
these figures. 
The hilly headlands shelter parts of the gulf from 
the opposite-blowing winds, creating traps of sedi-
men!. Along the eastem side of the gulf, strong 
westerly winds blowing for several duys at a time 
induce tmnsport lo the E- SE. Easterly winds cause 
the same effect in the westem side of the gulf, where 
Roquetas is situated. The coast of Almería is almost 
nontidul, with astronomical tidal ranges less than 0.3 
m, but meteorological tides related to wind setup 
exceed 1 m for periods of several days at a time, 
allowing larger wave nmups and deposition of rel",-
tively high berms and beach crests with steep beach 
faces . 
Mos! oflhe Holocene (and present) coast along the 
Gulf of Almería can be described as prograding, 
reflective gravel1y beaches. Minor differences along 
fue shore reflect local factors such as recent tectonic 
ttends, amount and grain size of sediment input, and 
exposure to the prevailing winds and wavefronts. 
Several ephemeral rivers flowing into the north 
(Andarax River) and eastem (Ramblas de las Amola-
deras and Morales) coasts of the Gulf of Almería 
supply abundant gravel and sand to the coastal zone, 
where longshore currents move them to the east, away 
from the Campo de Dalías. 
In contrast, maps of present distribution of sedi-
ments on tile sea floor (Baena el al., 1982) show 
evidence that most of the sediment off the coast of 
Carupo de Dalias (and Roquetas coastal plain) is 
derived, via longshore transpOlt, from the Adra River 
delta, sorne 7 km to the west (Fíg. 1). A significant 
fraction was contributed by wave erosion (erosional 
transgression) of the tectonically uplifted las! inter-
glacial gravelly units that outcrop to the southwest of 
Roquetas, and resulted in a cliff3-4 m high (Fig. 2). 
This source was active several thollsand years after 
the maxinlUlll of the Holocene transgression. Even-
tuaUy, the cliff was separated from lhe sea by newly 
deposited Holocene beach ridges and the supply 
ceased. Fluvial sediment input to the westem side of 
tile Gulf is negligible because recent tectoníc uplift 
has diverted the local fluvial network to the endorheic 
Campo de Dalías (Goy et al. , 1986b). 
In surumary, the Holocene coast of Campo de 
Dalias received only a very limited supply of(coarse-
grained) sediment lhat was moved alongshore by 
littoral drift under opposing prevailing winds. The 
nontidal coast was very sensitive to oscillations of sea 
level, even a,t very small scales (decimetre scale), that 
seem to be related largely to local influences of the 
interchange of water masses through ¡he Strait of 
Gibraltar under eustatic and climatic forcing. 
3. The beach-ridge complex of the Gulf of Almerta 
3.1. General feature.Y af the beach ridges 
The complex of beach ridges is best represented in 
the southem and eastenl coasts of Campo de Dalías,. 
between Roquetas and Guardias Viejas (Fíg. 2). The 
Holocene coastal plairt extends seawards oI an ero-
sional cliff cut into the last interglacial gravelly 
marine terraces that are affected by a N140 - 160 o E 
fuult system (Goy and Zazo, 1986; Goy el al" 1986b). 
Local tectonics and the previous coastal morphology 
favoured the fonnation of barriers and lagoons during 
the Holocene. 
The term beach ridge is used in this' p"'per to refer 
to relict strand plain ridges, presumably wave- or 
swash-built, that can be further exaggerated by wind 
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Eg. 2. Geological map of morpho-sedimentary Holocene units in the Campo de Dalías coast. Figures in the pre-Holocene deposits indicate elevations of paleo-cliffs. 
effects. This intetpretation is supported by detailed 
facies analysis of the internal strueture of the beach 
units. TaIUler (19951 distinguished several genetic 
types of beach ridges and, after facies analysis of 
the internal structure and other indicators, stated that 
almost all beach ridges were deposited by waves and 
swash with alternatively high and low sea levels. 
Otvos (2000) produced a more eomple" list, although 
he paid less attention to the internal structures and the 
lateral arrangement of wüts in Vertical sections. He 
considered that beach ridges of a proven wave-built 
origin may also serve as indicat01:s of andent higher-
than-present sea levds. 
Trenches dug at right angles to fue mean shoreli:ne 
in various sites afthe Holocene Roquetas coastal plain 
allowed observation of lithology, internal structure, 
and lateral facies relationships. Trenches available 
during our field surveys were concentrated mostly in 
the areas near Las Marinas Jagaon and south of 
Roquetas (Flg. 3). 
The grain size of the Holocene beaches studied is 
coarse sand to fine gravel. Bivalve shells and bioclasts 
rarelyexeeed 15%. The internal strueture ofthe beach 
face consists of sets of parallel lamination gently 
inclined seaward (east). In a section normal tu the 
shore, lamination $hoWs a concave- upwards ptofile, 
with original dips up to 6 - 7 o in the topographieally 
higher, landward side. The highest part of the beach 
face (berm) is marked by an aeemnulation of [ille 
grave1 fuat fonns the nucleus of á ne\\' beach ridge. 
The transition to the shoreface facies is marked by 
an accumulation of gravel that fonns a decimetre-high 
(plunge) step, a feature cornmonly observed in the 
present beaches of this region. It is in this part where 
mollusc shells are more abundant, and was a preferred 
site for sampling shells', when it was exposed in 
trenches. The change from foreshore to shoreface 
facies is remarked by a decrease in the original dip: 
In sorne cases, the plilllge-step has been preserved as 
planar eross-bedding pointing seaward, similar tu thut 
deseribed by Zazo el. aL (1998). 
The shoreface facies consist of wave-rippled and 
parallel-laminated medi\lhl tu eoarse saud with sparse 
burrowing. There are interbedded layers of grave! 
with paralleI lamination and flat, erosional lower 
bOillldaries. The average original dip is less than 2 <> 
to seaward. 
3.2 _ Units 01 beach ridges and progradation seqUeJ1ce 
The prograding beach-ridge complex was mapped 
using seIS of aerial photographs taken in various years 
aud at scales 1 :33,000 and 1: 18,000. The length, 
widfu and height of adjacent erests aud fue intervening 
swales tend to be more or le$s regular and pennit 
grouping them ;nto bundles, or entities having Toughly 
the same magnitudes. fu plan view, these features vary 
'across the complex of crests more or less regularly. 
However, sorne of the swales are particularly wide 
and there are aIso smfaces that truncate one or more 
bundles of crests md eliminate sorne beach ridges 
from one side of the eoastal plain tu the other. These 
are common features in coastal plains aroillld the 
world (Tanner, 1995). The prograding pattern 
observed in aerial photographs is also visible in 
vertical sections along trenches. This allows the study 
ofthe 3-D arraugements ofunits, whieh can be traced 
sorne distance laterally, at a right augle to the shore-
line, as depieted sehematieally in Fig. 3. 
Ridges that record beach progradation occur as 
couplets separa,ted by a narroW intervening depression 
or swale. Adjacent eouplets are separated by slightly 
\Vider swales. In tum, pairs of couplets are separated 
by still wider 'swales, easily recognisable in aerial 
phot.ographs. It is interesting tu note (hat the swale 
found every four sets is noticeably wider, resulting in 
a notable eonfiguration of groups of sets. We have 
ealled this four-ridge pattern a " set" of beach ridges 
(Fig. 4). Observing the whole outerop, we noted that 
the erests in a set tend lo be better separated aud tbe 
swales become wider in a southward dirÉction~ 
whereas in other cases, fue size and trend is more 
homogeneous. According tú this, we were able to 
separate two slightly different eonfigurations of sets, 
and informally called them A aud B (Fig. 4). Tanner 
(1995) used tbis set in a sense that is not very different 
than ours, and a system of sets that is equivalent to our 
wüts. 
lJ sing these features, we can distillguish six pro-
grading units that, following our previous papers 
Fig. 3. Schematic map of the Roq uetas- Playa Cerrillos' sector with location o f samples used for radiometric dating (note that italics indicate 
calibrated ages) and geological sketches drawn in trenches, with vertical scale exaggerated. 
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(e.g. Zazo et al. , 1994; Goy el. al. , 1998), we have 
named H¡ to H6 (Fig. 3). H reads for Holocene, and 
subindexes 1- 6 refer to progressively younger ages. 
H-units can be defmed as groups (bundles) of sets 
distinguished from the adjacenl. by changes of set 
configuration (namely height and width of the beach-
Tidge/swale couplets), large swales or erosional sur-
faces. 
We assume that changes in size and amplitude of 
the ridges and swales prove tha! the general trend of 
progradation was not homogeneous. Instead, it expe-
rienced changes, and even reversions, that are pre-
sented below. 
Unit H ¡ is largely attached to the erosional chff cut 
into the raised gravelly marine terraces of the last 
interglacial age (Fig. 2). It is, at present, badly 
degraded by human inlpact, preventing a reliable 
cOlmting of the number and elevation of beach ridges 
deposited in this episode. The few better-preserved 
Tidges seem to be of very low relief, with topographic 
elevations close to the present mean sea level (MSL). 
According to our reconstruction using aerial photo-
graphs, the prograding H¡ ridges formed cuspate bars 
thal. enc10sed coastal lagoons. In the best-preserved 
places of the eastem Campo de Dalías, near Las 
Marinas, the unit ends in a large swaIe. 
The frrst ridges ofUnit H2 onlap the large limiting 
swale, rising approximately 2 m above it (Fig. 3). 
They can be traced laterally to a layer (elevation + 2 
m MSL) of palaeo-lagoon deposits that occur in the 
inner shores of Las Marinas lagoon, containing a very 
poor fauna of Ostrea and Cerithium shells. 
A trench dug in the boundary area exposed an 
erosional surface separating H 1 and Hb and the onlap 
of the fust swash bars that migrated to landwards at 
the base ofH2 (Flg. 3). Radiocarbon dating ofsamples 
collected above and below this surface confimled the 
difference in ages (Table 1, Fig. 3). The erosional 
event is neatly exposed in the southem part near Punta 
Entinas, where it destroyed a whole segment of the H 1 
beach ridges (Figs. 2 and 5 J. 
Unit H2 consists of beach ridges with set config-
uration "A" (Fig. 4), but is divided into two parts. In 
the older, inner parí, ridges and swales are wide and 
crests topographically high (¿ 2 m MSL), with a 
preserved total of five sets of beach ridges. Ridges 
and swales in the younger, outer part are narrower and 
topograpbically lower (1.5 m), with a preserved total 
of 12 sets of beach ridges. 
The boundary between units H2 and H3 is well 
marked in aerial photographs by a highly visible, 
Table 1 
Database of 14 C samples collected in trenches, and laboratory results 
Labotatory Sample CRA Erro; b13C %0 Material Cal SP Interval, Reference 
code code (ye"", BPJ (PDB) cal BP 
UQ-l133 R-8 6885 100 2.1 Glycymeris shell 7410 7475-7300 
UQ-1135 R-7 4035 100 2 .0 Glycymeris shell 4065 ·4185-3905 
UQ-1140 R-10 2585 100 Glycymeris shell 2290 2345-2125 
UQ-111 5 R-9 2385 100 2.0 Glycymerís shell 1995 2125-1885 
UQ-111 4 R-x 5000 100 2.8 Cerithium shell 5315 5460-5260 
Lv-R-2 R-2 2305 35 G!ycymem shell 1910 1945-1870 
GX-21796 RO-95-1 1955 70 1.4 Glycymem shell 1510 1580-1410 
GX-21770 RO-95-2 2495 75 1.3 Glycymem shell 2140 2280-2050 
GX-22227 RO-96-1 1940 85 1.5 dlócómÉ~ shell 1500 1580-1390 
GX-22228 RO-96-2 1980 80 1.5 Glycymem shell 1530 1620-J435 
GX-22229 RO-96-3 5885 1 15 1.5 Glycymem shell 6285 6405-6 185 
GX-22230 RO-96-4 4735 105 0.8 Glycymem shell 4960 5130-4830 
GX-22231 RO-96-5 3240 95 1.7 Glycymeris shell 3055 3200-2920 
GX-22232 RO-96-6 2935 90 1.4 Glycymem shell 2720 2770-2665 
GX-22233 RO-96-7 4695 105 1.2 Glycymeris shell 4875 5045-4815 
GX-22234 RO-96-8 4475 100 1.4 Glycymem shell 4640 4805-4510 
GX-22235 RO-96-9 6000 175 1.8 Glycymem shell 6400 6620-6255 
UQ: University of Quebec at Montreal, Canada; GX: Geochron Lab. , MA, USA; Lv: Louvain-la-Neuve, Belgirnn. CRA: Conventional 
Radiocarbon Ages. Cal BP ages using CALIB 3.0 Program (Stuiver and Reimer, 1993). 
a Sample values· mcorporated from 0 0.'11 e: t al. (J 986<1 ) . 
slightly wider swale and a change in set configuration, 
to rlle fuin and laterally continuous type "B" beach-
ridge sets with an average height of I m (Fig. 4). 
However, the boundary is obscure in field surveys. 
Inside the otherwise-homogeneous H3, a noticeable 
erosional surface truncates several beach ridges elim-
inating a significant part of fue exposed sedimentary 
tecord, as confirrned by radiocarbon dating. There are 
8.5 preserved sets ofbeach ridges before the erosional 
surface and 1.5 between it and rlle swale marking fue 
limit with fue younger Unit H4 • 
Unit H. is separated from H3 by a large swale in 
the eastern side (SOUrll Roquetas). 3-D geometry of 
units observed in a trench does not show prominent 
erosion (Fig. 3). fu contrast, major erosion occurred:in 
the southem sector (playa Cerrillos) as evidenced by a 
change of the direction of progradation and an ero-
sjonal escarpment cutting across ooits H 1 and Hz. 
Sets of beach ridges in Unit H4 belong to config-
uration "B". In the northeastem part, only one set of 
beaoh ridges is observed at fue súrface, but trenches 
showed fuat deposits oHl4 extend seaward below fue 
erosional surface and the yoooger Hs, as confImled by 
radiocarbon ages (rabIe 1 J. This implies fuat erosion 
ofH4 did not proceed too far below MSL (Fig. 3). At 
least 12 $Ots of beach ridges have been preserved 'in 
fuis Part with average ridge heights ranging from I m 
at the begnming to 1.5 m by the end of fuis unit. 
Trenches were not available in the Playa Cerrillos area 
for observation of fue 3-D internal structures and the 
extent of the erosional processes, and our data come 
from geomorphological observations on aerial photo-
graphs. 
Unit H, includes 12 sets of beach ridges with 
configuration A . The limit with H4 is an erosional 
surface. The crests of the first nvo sets me topo-
graphically more elevated (ridge heíght: 2 m) than 
the rest (average ridge height: 1-1.2 m). Trench 
observations sbow that fue oldest (more inland) H,-
deposits correspond fo proximal foreshore facies that 
rest directly on top of the H4 upper-shoreface facies 
(Fig. 3), Unit B6 is limited by an erosiona! surface fuat 
cufs ·a,eross Hl fo H s. This unit 1S the youngest 
recognised and it is poorly represented (Fig. 2). 
4. Resu Its and discussion 
4.]. Origin of beach ridges 
The beach ridges in rlle Roquetas coastal p!ain 
were fonned by wave/swash. The internal structures 
of!he prograding sedimentmy bodies connected to the. 
ridges are typical of coarse-grained reflective beaches 
in norttidal environments. The concavÉ~ up morphol-
ogy of the prograding wlits is consistent with essen-
tially fair-weather conditions, although we found 
evidence of stonn activity in erosional surfaces sep-
arating sets of parallellaminae in the foreshore facies, 
and as parallel-laminated gravelly layers intercalated 
in the sandy shoreface facies. 
Following Tanner's (1995) teasoning, !he genera-
tion of beach ridges and swales lU1der essentially fair-
weather conditions means thát crests were deposited 
at alternatively high (!he elevated beach ridge) and 
low (the lower beach ridge !hat is preserved as a 
swale) positions. A simple meehanism to explain why 
ctests wel'e deposited at variable elevations is an 
oscillating sea level. High sea levels produce high 
beach ridges, whereas comparatively lower sea levels 
produce topographically lower beacb ridges, wbicb 
are observed as swales (Ta1Uler, 1995), as in !he swale 
separating H3 and H4. A crucial role is played by 
cbanges in !he runup of !he swash of !he incoming 
waYes associateo with oscillations in sea level of even 
a few decimetres. 
This mechanism explains the more-or-less contin-
uous, quasi-parallel prograding pattem in tbe eoastal 
pIain. However, aerial photographs show conspicuous 
erosional surfaces that truncate the smooth trend, 
meaning that there is at least another process involved. 
Following Thompson and Baedke's (995) fll1dings, 
we interpret these surfaces to represent erosion, 
related to rises of 'Sea level, which tends to destroy 
the beach ridges deposited during previous lower sea-
level conditions. This has been demonstrated in Lake 
Michigan, where the shorelines reacted in response to 
quasi-periodic lake-level events producing either pro-
gradatian ar erosion (fhompson and Baedke1 1995 J. 
4.2. Age of beach-ridge units 
Using !he detailed map of!he deseribed units, we 
selected several sites for samples with a double aim: 
(i) eval\lating !he age of units distinguisbed in !he 
eoastal plain, and (ii) caleulating rates of growth of 
beacb ridges. To do this, we assumed that '4C dating 
of samples collected across !he prograding complex 
(Table 1) permits ca!eulation of time spans necessmy 
for deposition, provided tbat !he results are. 10gical 
according witb !he stratigrapbic and m01pho-sedimen-
tary pattems, given problems set by shell reworking in 
coastal enVITOnmelits. 
Rudiocarbon duting Was perfonned on sbells of tbe 
mollusc Glycymeris glycymeris. The only exception is 
saruple DQ-1114 (Cerithium sbell, Table 1). We 
collected nonfragmented shells in trencbes mlere the. 
3-D stratigrapruc arcbiteeture of deposits could be 
clearly established. Samples were taken preferably 
from !he plunge-step facies of !he lower foreshore, 
wbere !he big sbells tend to be more frequent. Results 
from shells collected on the surface of the coastal 
plain proved inconsistent because of reworking, there-
fore they were not taken into account for ca1culations. 
Conventional Radiocarbon Ages (CRA) cited in !he 
text are ealibrated using version 3. O of !he CALIB 
Program software (Stuiver ffild Reimer, 1993). Sanla-
ville et al. (1997) proposed a value of 400 years for 
the reservoir effect iI) fue Mediterranean, very close to 
!he 402-year figure given by Stuíver and Braziunas 
(1993), wbieh is cunently incorporated in our ealibra-
tion software. 
Tbe age of H, dedUced from shells eollected in 
trencbes is ca. 7400-6000 cal BP. Tbe first figure is 
the oldest date obtained in !he prograding complex. 
The upper limit represertts a minimurn agÉ~ and was 
selected according to the youngest data encoW1tered, 
but it could be still younger. 111e age of Hz is 5400-
4200 cal BP. The fossiliferous record in tbe palaeo-
lagoon deposjts that occur in fue inner shores of Las 
Marinas lagoon Cerithium shells that were used for 
radiometric dating (sample DQ-1114, Table 1). Con-
sidering radiometric data, the age ofDnit H3 extends 
fium 4200 to 3000 cal BP, but !he erosional event 
eliminated the sedimentary record of the time 'pan 
3885-3155 cal BP, 1eaving a hiatos tbat lasts for 730 
years. Dnit H4 was fonned between 2700 and 1900 
cal BP. Prominent erosion occurred across this boun-
dury in tbe soútbem sector at ca. 2700 cal BP. DhitH, 
was deposited between 1900 and 11 00 cal BP. Tbe 
[Irst two sets are topographieally more elevated tban 
!he rest and, according to ridge counting, !hey repre-
sent an interval of ca. 100 years. 
Tbe only accurate data available for dating Unit H6 
refers to tbe c10sing of!he Guardias Viejas 1agoon 
after 1854 AD (!HM, 1983) and the begi1U1ing ofthe 
protuberance of!he Adra delta in 1871 AD (Goy and 
Zazo, 1986). Otber data from tllis progradation pbase 
can be gathered from nearby areas. In Cabo de Gata 
(Fig. 1), this unit is represented only in the southenl 
closing of tbe lagoon and the presetit-day beach, Witll 
no precise age dating (Goy el aJ., 1998). In Calahonda 
(50 km to the West of Guardias Viejas), the accumu-
latian of a well-preserved morpho-sedimentary unit 
equivalent lo Uni! H6 which began at ca. SOO cal BP 
(1450 AD), (Lado el. al., 1999). 
Maximum rates of progradatioll in the study area 
can be measured in a SW - NE direction, from tIle 
eastem margin of El Cerrillo lagoon to the sou!hem 
limits ofRoquetas. This inclüdes Units H¡ to H.5, witb 
mean rates of 1 m1year. Regarding H6, there is record 
of progradation in Punta Sabinal and Guardias Viejas, 
where the minimum rate for the preserved part can be 
estimated as 0.6 m/year. fu mos! of tIle otber coastal 
areas around Campo de Dalías, this period is essen-
tially erosional. 
4.3. Changing coastat dynamics during progradatioll 
ofbeach-ridge systems: sea-leve! changes and climate 
111e intemal structore of tbe Roquetas coastal plain, 
also observed in plan view (Fig. 3), rellects tbe 
superimposition of two types of processes: (i) lluclo-
ations of sea level tbat caused tbe morphological and 
topographic differences of tbe beach-ridge sets and 
units. (ii) Changes in the coastal dynamics tbat pro-
moted dramatic changes in the progradation trends 
and rates of coastal growth (Fig. 5). 
The prograding beach-ridge complex records tbe 
highatand of the fourth-order depositional sequence 
that began following the last glacial. Progradation of 
tbe coastal plain commenced at ca. 7400 cal BP. This 
is the time of maximum flooding in the southem coast 
of Spain (Goy et al. , 1986a; Zazo et aJ. , 1994; Somoza 
et al., 1998; Dabrio et al. , 2000). Highstand conditions 
have persisted srnce then, but minor eustatic fluctua-
tions have inlluenced tbe deposition of the beach-
ridge complex. We have deduced tIle values of these 
fluctuations from the relative elevations of present 
ridges as related to MSL. At presen!, tbe active fair-
weather beach crests (beach tidges in case of preser-
vation) in Pünta Sabinal rise lo 0.7-0.8 m above 
MSL. Using this reference, we estimated values of 
"MSL" for the R-units, allowing tbe minor oscilla-
tions required for depositing successive ridges and 
swales. In summary, our estimations are: beach ridges 
of H} are degraded preventing accurate calculations 
MSL, but it was lower than at the beginning of ]'12 
(Fig. 6). 
MSL during deposition oflhe swale separating H¡ 
and H2, was - 0.4 10 - 0.5 m. MSL in early H2 was 
about + 0.6 lo + 0.8, but it fell afterwards to + 0.3 lo 
+ 0.4 m and remained more or less in these values 
during most ofunits H2 and H3. The erosional episode 
ca. 3155 cal BP is interpreted as a rise of sea level 
abOYe the merttioned values that was not compensated 
by sediment input and tbus deslroyed beach ridges up 
lo I m above MSL. As it did not leave behind large, 
high beach. xidges, we assume that tbe additional 
positive oscillation did not exceed + 0.5 m. 
The swale separating H3 and H4 , with a topo-
graphic elevation roughly at present MSL, records a 
new fall of sea level to values clase to present. The 
height of beach ridges increased during the deposition 
ofH4 , following a rise of sea level trom + 0.3 to + 0.5 
m in MSL. 
The boundary B4~ H5 record s a rise of sea level 
that caused erosional transgression. Considering the 
elevation of the two fIrst beach ridges, MSL rose 
temporarily (ca. 100 years) up to 0.8 m (perhaps 
more), lo fall again through H, to values close lo 
tbose measured in H3 and H4 (ca. + 0.3 rrt). 
The poor record of H6 does not favour ca1culations, 
but our best guess is that MSL did not depart 
appreciably from its present values. 
Set configurations A O( B are. related (at leas! 
partially) lo sea level. In general, configuration A 
occurs following the episodes of ltigbest sea le:vel 
recorded in the area. 
Let us consider now the effects of changing coastal 
dYllamics. According to our reconstructions (Fig. 5), 
tIle coastline forrned cuspate beaches during a large 
part of the recent depositional hist01y (Hl to H3, Le. , 
7400-3000 cal BP) that record balanced litloral drifts 
under easterly and westerly winds. We assume tbis as 
proof of relatively weak westerly windsand Atlantic 
Surface Water inflow over the time, which magnified 
tbe relative importance of fue drift pushed by easterly 
wínds. Westward-moving wQves induced by tbese 
persistent winds reached obliquely the coast of 
Roquetas and played a major role in this process. 
Erosion of the tectonically raised last interglacial 
coarse beach deposits supplied a wealtb of sediment 
lo the coastal zone tbat was moved to tbe SW and 
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Fig. 6. Chronostratigraphy of prograding phases, estimated mean sea levels, wind and climate trends and quasi-milleruüal cycles in Almena. 
Arid phases after Jalut et al. (2000) with cal BP ages transfonned to la, climates after Pantaleón-Cano et al. (1996), and hillllan influence after 
Bwjachs et al. (1997). North Atlantic Holocene cold events by Bond el al. (1997) . Sea Surficial Temperature (SST) cold events deduced from 
the core MD95-2043 in Albarán Sea (Cacho et al. , 2001) . The value ofrelative "MSL" for a given H-lUüt is an average afthe srnall fluctuations 
needed 10 deposit successive ridges and swales . 
incorporated into the large cuspate beaches. However, 
the deereasing length of the eliff exposed to erosion 
must have resulted in a continuous reduction of sedi-
ment input to the eastern Campo de Dalías, as 
compared with the more continuous input from the 
Adra river mouth. The sheltering effeet of the hilly 
Campo de Dalías headland favoured the trapping of 
sediments. The headland also proteeted them from 
erosion by the eastwards-moving currents driven by 
westerly winds (plus the imperfeetly known effeets of 
the Atlantie Surface Water gyre). 
In our opinion, the higher, wider beach ridges of 
configuration HA" require larger sediment inputs and 
higber relative sea levels tban those of configuration 
Fig. 5. Proposed coastal evolution of the southem Campo de Dalías illustrating successive coastal encroachment and erosion, related to 
changing dynamic conditions. 
"B". Both factors explain the change from configu-
ration "A" (H2) lo "B" (H3). 
Unit H4 was deposited between 2700 and 1900 cal 
BP, and during this titne span the coastal response 
identifies a dramatic change in forcing conditions, 
when the east\vard-directed components ovetwbelmed 
the SW drift. A result was lbe erosion of the cuspale. 
beaches along an E-NE line ca. 2700 cal BP. This 
was probably enhanced by lbe end of eros ion in lbe 
eliff in eastem Campo de Dalías lbat dramatically 
reduced the input of sediment to the coast. The major 
change of littoral drift sugge.sts increased southwest-
erly winds. as compared wilb westerly and easterly 
winds. Another well-recorded erosional event took 
place ca. 2300 cal BP near Cerrillos beach. 
Changes in coastal dynamies ca. 2700 cal BP have 
been reported in other sites in southem Spain. Goy et 
al. (1998) found that Holoeene aeolian accumulations 
began in Cabo de Gata ca. 2700 cal BP, under winds 
from the Sw. Borja el al. (1999) showed lbat accu-
mulation of Holocene aeolian dunes in the Gulf of 
Cadiz commenced ca. 2700 cal BP, under prevailing 
winds from lbe W -Sw. Pollen records in lbe Westem 
Mediterranean register the begilming of an arid phase 
at 2780 cal BP (Jalul. el al., 2000). 
Units H4 and H5 are separated by an erosional 
surface that eliruinated the foreshore facies deposited 
during the relatively lower MSL lbat gave place lo the 
swale. 
The fITs! t:wo sets of Unit H5 are lopographically 
more elevated than the rest, but the associated fore-
shores facies rest upon the more distal shoreface facies 
ofUnit H4 . This seems to indieate a short-lived E~bout 
one centtrry) rise of sea level, and may have been 
favoured by a temporal)' increase in the frequency and 
velocity of easterly winds that piled up water against 
the coast of Roquetas, and magnified the runup of 
waves. It was followoo by a gradual sea-level /al! of 
approxim~tÉló 0.5 m. 
H6 is separated from all the H5 by an erosional 
surface that registers renewed chmlges in Httoral drift 
and scarce sediment input. There is only a very poor 
record of this ooit and this seems to be related to 
reduced sediment input to the coast 
The described evolution took place in a climatic 
framework lbat can be better underslood by ineorpo-
rating data yielded by SST and pollen studies in our 
study area (Fig. 6). Cacho et al . (200 1) have studied 
the evolution of alkenone SST in the Alborán Sea 
(eore MD95-2043, see I'ig. 1) observing a general 
cooling trend during the Holocene whieh is punctu-
ated by periodic shOlt-lived cooling oscillations . 
Restricting ourselves to the time span covered by 
our study, One of fuese (at 5.36 ka) coincided with 
the beginning of R2 , a.l1d anolber (at 1.38 ka) took 
place near lbe end of H5. 
Pollen data in the coast of Ahnería indicate a sudden 
change oflbe vegetal cover as lbe climate evolved from 
humid lo steppe condítions ca. 5400 cal BP (Panta1eón-
Cano et al., 1996; Jalut e( al ., 2000), which coincides 
wilb the beginning ofH2 • From this time onwards, Jalut 
et al. (2000) distinguished four arid phases separated by 
shorter periods wilb less aridity (see dates in Fig. 6). 
These data seem to irtdicate that the arid phases coin-
cide with progradation of H-units. However, our data. 
suggest that the situation is the reverse: the more arid 
episodes must represent reduced sediment inputs (and 
lower relative sea levels) at lbe boundaries ofH-units. 
Conceming sea level, there is general agreement in the 
occurrence of maximum flooding at ca. 7000 cal BP, 
coineiding wilb lbe beginning of lbe present highstand 
in the southem Iberian Peninsula. 
Proof of relative sea-level changes in our area was 
found by Hemá.l1dez-Molina el al. (1995, in press) as 
an apron-shaped, sandy body wilb sigmoid-oblique 
seismic internal pattero, deposited between lbe beach 
and the inner continental shelf after ca. 6500 years BP. 
The intenlal structure of this body shows two pto-
gradational seismic units separated by an episode of 
higher sea level. It is (empting (o compare tbis two-
fold pattem with the two distinct eonfigurations in the 
coastal plain ofRoquetas, but the lack ofradiometric 
dating in the inner shelf reduces the accuracy of 
correlation. The change of configuration records a 
major change in the dynamics of the nearshore zone 
and the beginning of aeolian-dune accumulations in 
coastal areas nearby, Ca. 2700 years BP (Goy el al. , 
i986a, 1998; B01:ja et al., 1999; Dabrio el al., 2000). 
Tilis) however, is only a pmt of the story and there 
must be oscillations of shorter periods that aCCotlllt for 
lbe. repeated generation of H-units. 
We. suggest that the forcing factor behind these 
changes is the increased persistence ofwesterly winds 
during lbe relatively less-arid phases, which eontrib-
utes to magnify the incursion of SAW into the 
Mediterrmlean mld promotes local rises of sea level 
in soufuem Spain, with SST relatively high. In con-
trast, less effective. westerly winds during the more 
arid phases reduce the rncursion of SAW, and sea level 
remains essentially lower, with cooler SST. These 
episodes are shOlter-lived. 
4.4. Periadicily af pragrading beoch ridges 
Considering the age of H-units and tire number of 
beach-ridge sets in each unit, it is possible to estimate 
the time required to deposit a couplet. Periodicity can 
be revealed comparing the results of various cross-
sections. 
After disregarding the obviously reworked sam-
pies, it was possible to count the number of beach 
ridges in !\Vo illtervals' (note in Fig. 3 that sorne 
samples have been collected from vertical sections 
of fue same trench). The fIrst interval is limited by 
samples GX-22230 (4960 cal BP) and UQ-1l 35 
(4065 cal BP), Le. , 895 years wifu 80 beach ridges 
(l<ig. 3). The second interval is encompassed by 
samples Lv-R-2 (1910 cal BP) and the cluster GX-
21 796 (1510 cal BP), GX-22227 (1500 cal BP), and 
GX-22228 (1530 cal BP), Le., an average 400 years 
wifu 36 beach ridges (Fig. 3). A simple division gives 
values of 11 .25 years to deposit a ridge and swale 
unit, 22.5 years to deposit a couplet, and 45 years to 
fonu a set of beach ridges (Fig. 4). Thus, both fue 
motphology and tire chronology of the prograding 
beach-ridge and swale system reveal that sedimenta-
tion followed a periodical pattem witlr decadal perio-
dicities: 11 .25, 22.5, and 45 years (Fig. 4). 
Set counting reveals a centennial periodicity (800/ 
600 years) during fue younger phases of progradation 
(I-4 and H, ), aud a millennial pedodicity (1400/1200 
years) during fue three fIrst prograding phases (H 1> 
H2 , and H,). The shOlt-tenu periodicity observed in 
the beach ridges, bofu motphologically and chrono-
logically, must be linked to forcíng factors' al fue 
decadal scale. 
We think tlral fue NAO index oscillations and fue 
sunspot oscillations are suitable candidates. Small-
scale changes of sea level are enhanced by water 
setup under prevailing winds, but this is a shortel'-
lived process fual fall s in tire monlhly or yearly scale. 
It may be, perhaps, an indication of longer-Iasting 
periods of increased wind setup, necessarily related to 
regiOlral climatic pattems and trends. 
Rodríguez-Ramírez et al. (2000) stodied beach 
ridges and swales formed between 1961 and 1996 in 
spit bars offue Atlantic Gulf ofCadiz (SW Spaill). To 
explain fue genesis, they compared (i) fue record of 
cyclone activity in relation to the speed and mean 
mmual frequency of fuird-quadrant wind in automnl 
winter, (ii) mean arumal values offue NAO index, and 
(iii) mean aromal values fol' the SW1SpOt oscillations, 
They establish fuat fue generation of ridges follows a 
periodicity of 3 -7 years related lo negative válues of 
fue NAO index, and anofuer around 10-12 years thal 
can be related to periods with less sunspot activity and 
which produces the more conspictlOus ridges. 
The evolution of MSL has been related to the 
fluctoations of Ihe NAO index in the coasts of 
Portogal lli¡ing fue insttumental record of tide gauges 
offue chronological period 1882-1991 (Guerra et al., 
2000). The main conclusion of this paper is that there 
is an inverse correlation between MSL and NAO 
irtdex: negative values of NAO corrdate \Vell \Vifu 
high sea levels. 
The possible influence of NAO on the circulation 
of the Westem Mediterranean Sea has been pointed 
out by Vígnndelli e.t al. (1999). According lo them, 
negative values of NAO intensify fue heat losses to 
fue atrnosphere that increase water transpor! through 
the Corsica Channel. 
The regularity of progradation in Roquetas sug-
gests fuat fue decadal periodicity (11 .25, 22.5, and 45 
years) may be related tú solm' activity fluctuations . 
The basic II-year cyele, fue 22-year Hale cyele and 
fue 45-year Double Hale cycle (Fairbridge aud Hi1l-
aire-Mareel, 1977) coincide in our case wifu the 
deposition of a beach ridge and swale, a couplet and 
a set of beach ridges, respectively (Fig. 4). 
In detail, a beach ridge is deposited during the 
negative phase of the NAO because this situation 
favours stronger winds from the SW and a sudden 
relative rise of sea level. The adjacent swale is 
generated during the positive phase of NAO, under 
weaker SW winds and a relative fal! of sea level. 
Moving ro me millennial periodicity, We co.rrelale 
fue shor(, more arid periods separating the H-units in 
Roquetas between ca. 6.0 and 5.4 ka (H¡-Ho), al ca. 
4.2 ka (H¡-H,), between 3.0 and 2.7 ka (H,-H.), al 
1.9 ka (H. - H,) wifu: (i) the shor! cold events dated 
by Bond el al. (1997) in the Notth Atlantic al ca. 5.9, 
4.3, 2.8 and, probably, one at ca. 1.4 ka; mrd (ti) fue 
shOlt cold events of SST reported by Cacho et al. 
(2001) in tbe Alborán Sea (core MD95-2043) at 5.3 
and 1.38 ka. Therefore, tbe short, cold events are 
recorded on land (at tbe coast) by short periods of 
rncreased aridity inside the general arid trend, with 
lower Telative sea levels and reduced progradatioll 
rates. 
5. Con(!lusions' 
The beach ridges in the Roquetas coastal plain 
Were fonned by wave/swash \indel essentially fair-
weather conditions. Altemating beach ridges and 
swales are fonned in response to oscillating sea levels. 
Higher sea levels produce tidges, whereas compara-
tively lower sea levels produce. lopographically lower 
beach ridges, wrnch are observed as swales. 
Ridges tbat record beach progradation occur as 
couplets separated by a naITOW intervening depression 
01' swale. Adjacent couplets are separated by slightly 
wider swales. In tum, pairs of couplets are separated 
by still wider swales. The four-ridge pattem is called a 
"set" of beach ridges. According to tbe magnitude 
(width and height) of crests and the width of swales 
tMt fonn the sets, it is possible to distinguish t\Va 
configurations of sets (Aand B). Cre.sts in sets of 
configuration A tend lo be higher and better separated 
alld the swales become wider in a southward direc-
tjon, whereas in sets of configuration B, the size and 
trend is more homogeneous. Sets of configuration A 
are interpreted to indicate higher rela'tive sea levels 
and more sediment input than those with configura-
tion B. 
Morpho-sedimentary fealures and radiocarbon dat-
ing allow to separate sÍ)( prograding units (narned H1 
to H 6) composed of groups (bundles) of sets distm-
guished from adjacent units by changes of set config-
uration~ lar.ge swales or erosional surface·s. The ages 
of H-units are: H¡, ca. 7.4-6.0 ka; Hoz, 5.4-4.2 ka; 
H3, 4.2-3.0 ka; H4 , 2.7-1.9 ka; H,; 1.9-1.1 ka; H 6, 
ca. 0.5 ka to present. 
At least since the beginning of Hz, H-urtits cone-
late well with arid periods witb comparatively high 
'sea levels, increased sediment input to the coast, 
increased intrusion of Atlantic Superficial Water 
(ASW), and stronger W - SW winds. In contrast, the 
boundaries of H-units correspond to periods of 
increased aridity with relatively lower sea level, 
reduced sediment input, reduced intrusion of ASW 
and Weaker W -SW winds. Estimated c)tanges of 
relative MSL during tbe Holoeene do not exceed 1.3 
m. 
A major change of littoral drift is obsorved al ca. 
2.7 ka, in tbe limitH3 -H4 , when the action ofW -SW 
winds increased as compared with the easterlies. 111e 
regularity of progradation in Roquetas suggests a 
decadal periodicity for the deposition of a beach ridge 
and the. adjacent swale that we. suggest is related with 
variatiollS of solar activity and with fluctuations ofilie 
North Atlantic Oscillation (NAO) indexo 
The duration ofH-mlits suggests a quasi-mil1elmial 
periodicity of the occurrence of short periods of 
incl'eased aridity tbat seem lo coinoíde with the short 
cold events in tbe Nortb Atlantic pointed out by Bond 
et al. (1 997) and, in sorne cases, with tbe SST events 
recorded by Cacho el al . (20011 off the coasl of 
Almería. 
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